Genetically highly divergent picornavirus (Newt/2013/HUN, KP770140) was detected using viral metagenomics in faecal samples of free-living smooth newts (Lissotriton vulgaris). Newt picornavirus was identified by reverse transcription-polymerase chain reaction (RT-PCR) in six (25 %) of the 24 samples originating from individuals caught in two out of the six investigated natural ponds in Hungary. The first picornavirus in amphibians expands the host range of members of the Picornaviridae, and opens a new research field in picornavirus evolution in lower vertebrates. Newt picornavirus represents a novel species in a novel genus within the family Picornaviridae, provisionally named genus Ampivirus (amphibian picornavirus).
The family Picornaviridae currently consists of 46 species grouped into 26 officially recognized genera (Knowles et al., 2012; ICTV Master Species List v3, 2014) and several candidate genera. Picornaviruses are small, non-enveloped viruses with positive-sense genomic ssRNA. In general, the 7.2-9.8 kb genomes have a common pattern of organization with a single ORF, which encodes the polyprotein flanked by 59 and 39 UTRs, although a canine picodicistrovirus (genus Dicipivirus) with two ORFs was recently discovered (Woo et al., 2012) . The viral coding region is divided into three regions: the P1 region encodes the viral capsid proteins [VP0(VP4-VP2)-VP3-VP1], whereas the P2 and P3 regions encode proteins involved in protein processing (for example, 2A
pro , 3C pro and 3CD pro ) and genome replication (2B, 2C hel , 3A, 3AB, 3B VPg , 3CD pro and 3D pol ) (Racaniello, 2007) . In addition, some picornaviruses encode a leader (L) protein before the P1 region.
Picornaviruses include a wide range of pathogens (Knowles et al., 2012 ; http://www.picornaviridae.com) and have been found in various vertebrate host species including humans and other mammals (Kapoor et al., 2008b) , birds (Boros et al., 2014) and recently in fish (Fichtner et al., 2013; Barbknecht et al., 2014; Lange et al.; 2014; Phelps et al., 2014) and reptiles (Heuser et al., 2010; Ng et al., 2015) . All known picornaviruses in lower vertebrates (in fish and reptiles) represent a potentially novel but presently unassigned species or genus (http://www.picornaviridae. com). However, until now, to the best of our knowledge, picornaviruses have not been detected or reported in any amphibians within the superclass Tetrapoda. This lack of knowledge not only hinders our understanding of the evolution of picornaviruses and their phylogeny, but may also have veterinary (medical) and/or conservation biological implications.
The smooth newt (Lissotriton vulgaris; formerly Triturus vulgaris) is the most widespread caudate species in Europe; it can be found throughout the continent except the far north, areas of southern France and the Iberian Peninsula (Arntzen et al., 2009) . Also, this species is one of the most successful salamandrids (family Salamandridae) as it maintains stable populations across much of its range despite the current population decline of many amphibians (Arntzen et al., 2009) . Smooth newts breed in a wide variety of freshwater habitats; during the aquatic phase of their life cycle, their diet includes freshwater plankton, insect larvae and small molluscs (Nöllert & Nöllert, 1992) .
This study reports the detection and complete genome characterization of a picornavirus in an amphibian, the smooth newt. Prior to the collection of faecal samples, smooth newts were kept in groups (sizes ranging from two to thirteen) in plastic containers filled with approximately 2-5 l reconstituted soft water (APHA 1985) and fed ad libitum with sludge worms (Tubifex tubifex). Twenty-four faecal samples were collected between 22 April and 29 April from the containers (as a result, one sample could include faeces from more than one individual) and stored in 1.5 ml Eppendorf tubes at 220 8C. Permissions to capture and conduct experiments on the animals were issued by the national authority of the Middle-Danube-Valley Inspectorate for Environmental Protection, Nature Conservation and Water Management (KTF: 5192-7/2013).
A specimen pool containing nine faecal samples (minimum one sample from each pond) was subjected to viral metagenomics. Phosphate-buffered saline-diluted specimens were passed through a 0.45 mm sterile filter and centrifuged at 6000 g for 5 min. The sample was subjected to a viral metagenomic analysis using sequence independent random RT-PCR amplification of viral-particle protected nucleic acids (Victoria et al., 2009) . The viral cDNA library was constructed using a ScriptSeqTM v2 RNA-Seq Library Preparation kit (Epicentre) and sequenced by a Miseq Illumina platform, as described previously (Phan et al., 2013) . The sequencing reads and assembled sequence contigs were compared to the GenBank nucleotide and protein databases using BLASTN/BLASTX. From the newt faecal pool, a total of 145 viral sequence reads (singletons and contigs) were obtained (BLASTX cut-off E score #10 210 ) after de novo assembly from 23 472 viral reads (of the 2 988 560 total reads) from viruses of family Circoviridae (n518 146), Nanoviridae (n54253), Picornaviridae (n5267), Parvoviridae (n5119), Microviridae (n531), Secoviridae (n525), Partitiviridae (n517), Retroviridae (n515), Dicistroviridae (n514), Marnaviridae (n59) and other (n529) or unclassified (N5547) virus families. The total of 267 picornavirus sequence reads covers a partial 2C hel (37 % amino acid identity to avian encephalomyelitis virus, GenBank accession no. NP_705601.1) and 3D (33 and 36 % amino acid identities to turkey gallivirus, GenBank accession no. YP_006576515.1, and rhinovirus, GenBank accession no. CADL32138.1) genome regions of picornaviruses, but none of them assembled to a long picornavirus contig (Fig. 1) .
Specific primer-pairs were designed based on the sequence contigs from the sequencing reads, for verification of the metagenomic contigs and to determine the complete nucleotide sequence by primer walking methods using long-range and conventional RT-PCR and 59/39 RACE reactions through cDNA (Boros et al., 2011) . PCR products were sequenced directly and run on an automated sequencer (ABI PRISM 310 Genetic Analyzer). Nucleotide and amino acid sequences of newt picornavirus (Newt/2013/ HUN) were submitted to GenBank under accession number KP770140. The complete picornavirus genome, designated Newt/2013/HUN, is 9246 nt excluding the poly(A)-tail (Fig. 1) . The G+C content of the entire genome is 45.1 %. The 8142 nt (2713 aa) single ORF was flanked by the 970 nt 59 UTR and the 134 nt 39 UTR. None of the UTRs showed significant nucleotide sequence similarities to the corresponding regions of the members of the order Picornavirales or other viruses using BLASTN search. The secondary RNA structure of the 59 UTR was predicted, but with the exception of the first 46 nt ( Fig. 1) , there was no correspondence to any known type of 59UTR and internal ribosomal entry site (IRES) (data not shown). The predicted first in-frame AUG initiation codon (AUAUCUA 971 UGA) is not found in an optimal Kozak-context (RNNAUGG).
The 8142 nt ORF encodes a 2713 aa polyprotein (Fig. 1) . The sequence analysis of the N-terminal end of the predicted viral polyprotein did not support the presence of an L protein: neither the key amino acids of papain-like thiol protease (Gorbalenya et al., 1991) nor a putative zinc-binding motif (Chen et al., 1995) (Fig. 1) . In the structural region (aa 659-864), Newt/2013/HUN has putative conserved domains with more similarity to cricket paralysis virus-like (CRPV, family Dicistroviridae) protein than to picornavirus capsid protein (Fig. 1) . In addition, 28 % amino acid sequence identity was found between Newt/ 2013/HUN capsid (aa 415-564) and rice tungro spherical virus (GenBank accession no. NC_001632.1 aa 875-1020, family Secoviridae), which was the closest match in GenBank. In the non-structural region, up to 36 % and 29 % amino acid sequence identity were found between Newt/2013/HUN 2C (aa 1436-1587) and (3C)/3D (aa 2088-2674) and human cosavirus F (GenBank accession no. AFJ04539.1, aa 1124-1270, family Picornaviridae) and rice tungro spherical virus (GenBank accession no. CAJ81003, aa 2805-3398), respectively. The hypothetical cleavage map of the picornavirus polyprotein was derived from alignments with other picornaviruses sequences and by analogy. hel and 3D pol proteins between Newt/2013/HUN and the prototype picornaviruses and some dicistro-and secoviruses are shown in Table 1 . None of the predicted 2A, 2B, 3A and 3B proteins showed significant amino acid sequence similarities to viral sequences in GenBank.
Representative picornavirus sequences were aligned using CLUSTAL_X (Thompson et al., 1997) and phylogenetic trees of the amino acid alignments of 3D proteins of the members of the order Picornavirales and the family Picornaviridae were recreated using the maximum-likelihood method, with the Le_Gascule_2008 substitution model (LG) and gamma distributed with invariant sites (G+I), using MEGA software (v. 6.06) (Tamura et al., 2013) . The model was selected based on the results of the best model search of MEGA v.6.06. Bootstrap (BS) values (based on 1000 replicates) for each node are shown if BS .50 %. These phylogenetic trees indicate that Newt/2013/HUN is a member of the family Picornaviridae; however, it forms a highly divergent picornavirus lineage (Fig. 2) . Faecal samples of smooth newts were screened for newt picornavirus by RT-PCR using screening primers (newtpico-F: 59-AATTGGCCATACTCTCCATCT-39 corresponding to nt 8398-8418 and newtpico-R: 59-CATGAAGCCCGTCATCACCA corresponding to nt 8587-8606 of KP770140) designed for the nucleotide sequence of the 3D pol sequence. Six (25 %) of the 24 newt faecal samples were PCR-positive for the novel newt picornavirus by conventional RT-PCR, which were collected from individuals caught in two out of the six studied ponds (Mélymocsár: n54; Paprét-felsö: n52). Original faecal samples containing newt picornavirus were propagated for virus isolation. Vero (African green monkey kidney; ATCC CRL-1586) cells were used as a broad-purpose cell line for catching most cultivable viruses. Specimens (2.5 ml) were clarified by centrifugation and filtered using a 0.45 mm sterile filter (Millex-HV, Millipore). Virus cultures were inspected daily by inverted microscopy for cytopathic effect (CPE). After 12 days of incubation, subculturing to a fresh cell line was performed twice. At the end of the incubation, viral RNA was tested by RT-PCR. Neither CPE nor newt picornavirus RNA replication could be detected in Vero cells even after serial passages of newt picornavirus.
Until now, picornaviruses have been identified in four (mammals, birds, reptiles, fish) of the five classes of the subphylum Vertebrata. This study reports the first identification of picornavirus in an amphibian species, the smooth newt. Newt/2013/HUN showed no close sequence relation to any of the picornavirus genera or recently suggested picornavirus supergenus/subfamily (Lauber & Gorbalenya, 2012) and forms a basally rooted sequence lineage in family Picornaviridae by phylogenetic analysis. In addition, Newt/2013/HUN has some unique genome/protein features, including the presently unpredictable secondary RNA structure of a long 59 UTR and IRES in comparison to the known picornavirus IRESes; the non-optimal Kozak-context of the predicted AUG initiation codon; and unique amino acids in highly conserved protein sequence motifs. Interestingly, while the sequence identity is low, some of the Newt/2013/HUN proteins are more closely related to other positive-sense ssRNA viruses in the order Picornavirales, like dicistrovirus (N-terminal part of the capsid protein to cricket paralysis virus capsid protein) and secovirus (3D pol to rice tungro spherical virus), than the corresponding picornavirus proteins by BLASTX CDD search. Whether these features and the base of the tree phylogenetic position of Newt/2013/HUN represent significant results in (picorna)viral evolutionary aspects -e.g. early divergence timed to the diversification of the vertebrates -is remained unknown. However, the discovery of a genetically highly divergent picornavirus in a new class of ancient host species may help to better understand picornavirus evolution. Newt/2013/HUN represents the first member of a novel species in a novel genus within the family Picornaviridae, provisionally named as genus Ampivirus (5amphibian picornavirus).
Ampivirus was detected in 25 % of the total faecal samples by conventional RT-PCR. These samples were collected from individuals captured in two ponds within the same geographical region, in Hungary, in year 2013. In addition, a further three faecal specimens tested positive by RT-PCR and sequencing for ampivirus, of a group of 16 collected in spring 2014 from additional free-living smooth newts (transitionally captured in the field, not kept in plastic containers and not fed ad libitum with sludge worms) living in a further three of four natural aquatic territories. These data indicate that smooth newts are possibly the natural hosts of this picornavirus. Further studies are needed to investigate the pathogenic potential, geographical distribution, genetic and possible host species diversity of this novel ampivirus. Nevertheless, the detection of picornavirus in smooth newts suggests that amphibians are susceptible to picornavirus infections and other amphibians (mostly salamanders, frogs and toads) are also potential hosts of picornaviruses. At present, the number of known amphibian species is approximately 7300, of which 88 % are frogs (Frost, 2014) .
Although, on one hand, bushmeat consumption (hunting non-domesticated animals including amphibians for food) is increasing in the Americas, Asia and Africa, and on the other hand, keeping exotic animals as pets is becoming increasingly popular in the world, our knowledge about viruses of lower vertebrates is scarce. A better understanding of viral diversity (the virome) in amphibians and other lower vertebrates constitutes an important step to identify possible zoonotic and/or food-borne transmission risks. Although potential amphibian-infecting picornaviruses are not likely to pose a direct threat to humans and/or economically important livestock, the emergence of viral diseases may contribute to the decline of amphibian populations even in widely distributed species (Green et al., 2002; Collins et al., 2004) .
The identification of the first picornavirus in amphibians expands the host range of Picornaviridae and opens a new research field in picornavirus evolution in lower vertebrates.
